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Pi Abstract 

We study magnetic dipole moments of right-handed neutrinos in a 
keV neutrino dark matter model. This model is a simple extension of the 
standard model with only right-handed neutrinos and a pair of charged 
particles added. One of the right-handed neutrinos is the candidate of 
dark matter with a keV mass. Some bounds on the dark matter magnetic 
dipole moment and model parameters are obtained from cosmological 
observations. 
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1 Introduction 



The evidences from neutrino experiments have established the neutrino oscillation phe- 
nomenon. The experimental data can be explained by flavor mixings of three (active) neu- 
trinos, and oscillation probabilities are described by three generation mixing angles and two 
mass squared differences. The presence of non- vanishing neutrino masses means a necessity 
of physics beyond the standard model (SM). Furthermore, the smallness of neutrino mass 
squared differences compared with the charged fermion masses in the SM is one of striking 
properties of neutrinos. The type-I seesaw mechanism pQ is the most promising approach 
to explain such smallness of neutrino masses. In this mechanism, the sterile (right-handed) 
neutrinos are added to the SM. Since these sterile neutrinos are Majorana particles, they can 
have Majorana masses, which violate the lepton number. Consequently, the heavy enough 
Majorana masses of the sterile neutrinos can lead to tiny active neutrino masses. 

On the other hand, the elucidation of the origin of dark matter (DM) [2], which governs 
about 23% of the energy density of the Universe [3], is also one of the most important 
goals in particle physics today. Recently, a large number of DM models have been discussed 
in the literature (e.g. see [I] for a recent review, and references therein). Among them, 
one of interesting candidates for DM is a sterile neutrino. In particular, models with three 
sterile neutrinos whose masses are below the EW scale have been proposed in El [7]. 
Note that some astrophysical data possibly support the existence of sterile neutrinos [8] . In 
addition to a candidate for DM, the sterile neutrino can also play a role in other cosmological 
issues, such as the origin of the baryon asymmetry of the Universe (BAU). For instance, 
relatively heavy sterile neutrinos in the type-I seesaw mechanism can generate the BAU via 
leptogenesis [9]. The split seesaw mechanism [10] can give a hierarchical mass spectrum of 
sterile neutrinos, which can incorporate the usual leptogenesis with a keV sterile neutrino 
DM scenario A possible mass spectrum of sterile neutrinos to explain the BAU [12], DM, 
and MiniBooNE/LSND oscillation anomalies [13], as well as realize the tiny active neutrino 
masses, has been proposed in |14j . Clearly, the nature of neutrinos would be a key to find 
physics beyond the SM and understand some cosmological issues. 

In this letter, we focus on the magnetic property of neutrinos. In particular, we concen- 
trate on a simple extension of the SM [15] , in which the right-handed neutrino magnetic mo- 
ment can be generated by the interaction between new charged particles and sterile neutrinos. 
Note that the induced magnetic interaction could result in some interesting consequences 
for cosmology and high energy physics. 

^ee also for discussions of the realistic flavor mixing in the mechanism. 
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2 Magnetic dipole moments 
2.1 Active neutrinos 

By introducing three generations of the right-handed neutrinos in the SM, the Yukawa 
interactions are given by 

C = £ m -(y v Lu R $ + h.c), (1) 

where L, i>r, and $ are the left-handed lepton doublet, right-handed neutrino, and the SM 
Higgs, respectively. The Dirac neutrino mass is given by Md = y u v, where v is the vacuum 
expectation value (VEV) of the Higgs. 

The Dirac neutrino can have a magnetic dipole moment induced by radiative correc- 
tions [16] as 

"«^ m - 3xl0 " 1, (n?)"- < 2 > 

where Gf is the Fermi constant, m Vi are the corresponding (Dirac) neutrino mass eigenvalues, 
and fig is the Bohr magneton, given by 

[i B = — = 5.79 x 1(T 9 eV ■ Gauss -1 = 1.93 x 10" 11 e cm. (3) 

2m e 

In Eq. 02]), we have assumed m u ~ m u . as the typical neutrino mass scale. The current 
upper bounds on the neutrino magnetic moments for three flavors are given by the Borexino 
experiment as [TF] 

fi Ue < 5.4 x 10~ n /iB, /-S < 1-5 x Kr 10 /iB, fi Ur < 1.9 x KT 10 /ib, (4) 

respectively. Note that a stronger bound on the typical neutrino dipole moment (fi u ) is 
inferred in [TB] from an estimate of effects on the core mass of the red giants at the helium 
flash as 

3 

fi u < 3 x 10~ 12 [i B with fi 2 u = ^(|/iij| 2 + hj\ 2 ), (5) 

where faj and are the elements of the magnetic and electric dipole matrices, respectively. 

Here, we mention that the transition magnetic moment, which is relevant to ^ — > Uj +7, 
may exist for both Dirac and Majorana neutrino cases. Explicitly, one has [T9] 



P) 3eG f . , \ + / 



a=e,fi,T 



m w 



(6) 



for the Dirac neutrinos, where U and m a are the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) 
matrix and the corresponding charged lepton masses, respectively. If the neutrinos are 
Majorana particles, one can only have a flavor changing dipole operator, 

C int = ^UiC-^ujF^ + h.c, (7) 

where v± are active neutrinos^ leading to the transition magnetic moments |20j : 



(8) 



for the Majorana neutrinos. 

2.2 Right-handed neutrinos 

We now consider the magnetic moments of the right-handed neutrinos. If the neutrinos are 
Majorana particles, one can have the Majorana mass terms for the right-handed neutrinos, 
which violate the lepton number, with the Lagrangian, given by 

r Mr — <q\ 

-^Majorana — ~^ V R V R- l y J 

It is well known that the Lagrangians in Eqs. ([T]) and ([9]) give light active neutrino masses 
through the seesaw mechanism PQ, 

M v = -MlM^M D , (10) 

after integrating out the heavy right-handed neutrinos. Note that y v , Mr, and M u are 
all 3 x 3 matrices. 

Since the right-handed (sterile) neutrinos are Majorana particles, only the transition 
magnetic moments can be induced, described by the following flavor changing dipole opera- 
tor, 

£ int = fifjNjC-^NjF^ + h.c. (11) 
There are some models to induce the magnetic moments of right-handed (sterile) neutrinos. 



2 They describe the left-handed neutrinos as VL a = U a iVi + a iNf with the left-right mixing angles 
9 a j = (y v ) a iv /Mi and other mass eigenstates Nj (so-called sterile neutrinos) almost corresponding to the 
right-handed neutrinos, i.e. Nj ~ vri- Throughout this letter, indices i, j = 1 ~ 3 and /, J = 1 ~ 3 stand 
for generations of active and sterile neutrinos, respectively. 
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2.3 Neutrino dark matter model 

Recently, Aparici, Santamaria, and Wudka (ASW) have proposed a model [15] which enlarges 
the SM by adding a negatively charged scalar, u, and one negatively charged vector-like 
fermion, E, with non-vanishing hypercharges, Y(u) = — 1 and Y(E) = — 1, in addition to 
the right-handed neutrinos. When one imposes a discrete symmetry, which affects only u 
and E as u — > —u and E — > —E, the relevant Lagrangian allowed by the SM gauge and 
additional discrete symmetries is 

^ASW = ^SM + ^Majorana + ^ K ~ ^ Y ~ ^> (^) 

C K = D^D^u + iEIpE + WRpVR - M E EE, (13) 
L Y = y u Lv R § + hu R Eu + + h.c, (14) 

where V is the scalar potential for the SM Higgs and oj. 

In this model, 1-loop diagrams involving u and E contribute to the magnetic moments 
of the right-handed neutrinos. The same interactions also give rise to contributions to the 
right-handed neutrino Majorana masses through the operator £(&<&)v r vr. An invisible 
Higgs decay through the interaction has been discussed in [15]. Moreover, it has been 
pointed out that the new charged particles can be produced at the CERN LHC experiment 
through the Drell-Yan process because of their charged properties if they are light enough. 
We further investigate DM properties of this kind of the model. 

We now proceed with DM in the model. It is known that one of interesting neutrino 
DM models is the keV sterile neutrino DM model (e.g. see pig ed £3 In this scenario, 
the lightest sterile neutrino with the keV mass is a decaying DM candidate. To be DM, the 
lifetime of the lightest sterile neutrino should be larger than the age of the Universe. The 
lightest sterile neutrino can radiatively decay into a photon (7) and an active neutrino (z/j) 
through the left-right mixing. 

Since we have new interactions which generate the right-handed neutrino magnetic mo- 
ments, the lightest sterile neutrino can radiatively decay into 7 and z/j with the decay width, 
given by 

L N^u a - g7rM 3 1^1 - g7r ^H| > W 

where \fiu\ denotes the magnetic moment and M\ is the mass of the (keV) sterile neutrino 
(iV\). Here, the active neutrino mass has been neglected in the second equality of Eq. (115]) . 
On the other hand, the keV sterile neutrino DM model also has a constraint from its decay 



3 See also [35] and [53] for general discussions on DM properties with the keV mass and neutrino energy 
loss in stellar interiors, respectively. 
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into 7 and through the gauge boson and charged lepton loops with the left-right mixing 
angle. The decay width is given by 

Tn ^ = Y^ sin2{26l)M " * 5 ' 5 x 1(r ^ (^) 5 s " (16) 

where 6\ = Yl a =e ^ T (y^)ai v /^i- Clearly, both decay mechanisms could produce a narrow 
line in the X-ray back ground [2U[25l|26]. As a result, for the latter case, the left-right mixing 
angle is restricted as Q\ < 1.8 x 10~ 5 (keV/Mi) 5 , equivalently r Nl ^ a < 9.9 x 1(T 27 s _1 . For 
the former, it is reasonable to impose a bound 1^-^ < (10~ 28 — 10~ 26 ) s" 1 in a region 
of the emission photon energy 0.5 keV < E 1 < 12 keV given in [2B| on r™^. . The 
emission photon energy is related with the decaying sterile neutrino mass as E 1 = M±/2. 
For r^^. < 10~ 28 s _1 , one obtains 

< 3.89 x lO~ 16 fi B , (17) 

where Mi = 5 keV has been usedfl It is seen that the constraint in Eq. ffTTl) on the neutrino 
magnetic moment is much stronger than the one from the consideration of the red giants 
in Eq. ([5]). Note that Eq. ([5]) is obtained from the discussion of the plasmon decay into 
neutrinos where the masses of neutrinos are lower than 0(keV). Therefore, once the sterile 
neutrinos have magnetic interactions mediated by new particles, the keV sterile neutrino DM 
scenario should satisfy the constraint in Eq. ( TTT1) . which is model-independent [15], rather 
than the one from the red giants. 

We now investigate the neutrino magnetic moment in a model-dependent way. The 
magnetic moment \fiu\ induced from the model in Eq. ( fl2l) is calculated as 

M = JJW M E E MKhjOjaU*], (is) 

f(r) = ^— + j-^— 2 log(r), (19) 
1 — r (1 — ry 

for the case of Mi Me and M u with r = M^/M E . Here, the active neutrino as the final 
state is converted from the internal sterile state Nj ~ vrj (J = 2,3) through the corre- 
sponding left-right mixing 9j a . Since the Majorana neutrinos can only have the transition 
magnetic moments, the sum of J is performed for J = 2 and 3. The external momenta and 
masses can be neglected as in [T5j . 

Two of three sterile neutrinos can generically play a role to realize the active neutrino 
mass scales through the seesaw mechanism in the keV sterile neutrino DM model, e.g. [6]. 



4 T Nl ^ Uil < 10 26 s 1 is also allowed for Mi ~ 24 keV. In this case, a more severe bound \fiu\ < 



3.70 x 10 _16 ^s can be derived. 
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Therefore, the left-right mixing angle for the corresponding generations can be described 
by the typical active neutrino mass scale m u and two heavier sterile neutrino mass scales 
M 2i 3, given by 9j a = On the other hand, since the Yukawa coupling of the 

lightest sterile neutrino to the left-handed lepton doublet and SM Higgs should be tiny, the 
sterile neutrino DM with the keV mass is not responsible for the active neutrino mass scales. 
Because of this smallness of the Yukawa coupling, the keV sterile neutrino cannot be in the 
equilibrium even at a high temperature. This feature is crucial for the various production 
mechanisms of the keV sterile neutrino DM with the correct abundance [TOj [27], EHJ [29] . 

We now explicitly examine a specific and economical model [6j [7J with right-handed 
neutrinos and new charged particles as an example. In this model, one of heavier sterile 
neutrinos is in the thermal equilibrium before the sphaleron process becomes inactive [30J. 
When the Yukawa coupling of the remaining heavier sterile neutrino is naively estimated as 
{Uu2) 2 ~ VA^-soi^/f 2 ~ O(10~ 15 ), the sterile neutrino is out of equilibrium at the time 
without the sphaleron process. The 2 -H- 2 interactions among the right-handed neutrinos and 
new charged particles, such as the scalar exchange vrE <h- vrE interaction, are important for 
the condition of the non-equilibrium of DM. The rates of those new interactions are described 
by the new Yukawa couplings hj given in Eq. ([TB]) . where I denotes the generation of the 
right-handed neutrinos. Note that these Yukawa couplings do not affect the active neutrino 
masses. When \h[\ 2 < O(10~ M ), the corresponding sterile neutrino is out-of-equiribrium at 
the time when the spharelon process becomes ineffective. Under these discussions, we impose 
r™!^^ ~ 10 -28 s _1 on Eq. (1171) with Eqs. (1181) and ( fl9l . Then, we obtain a constraint on 
the model parameter as 

M s >24.3MeV, (20) 

where we have taken that g' = 0.35, f(r) = 1/2, 6j a = ^Jm u / M 2 ^., m u = 0.01 eV, M 2> 3 = 10 
GeV, and lm[hih 3 U a i] = 5 x 10 -9 . Note that these values can satisfy the above conditions in 
the keV sterile neutrino DM model realizing the BAU via the oscillation of the heavier sterile 
neutrino with a mass spectrum of (M 1 ,M 2 ,M 3 ) = (keV, 0(1 - 10) GeV, 0(1 - 10) GeV). 
Note also that f(r) — > 1/2 if M^/Me — > 1. It is clear the constraint in Eq. ( |20l) is much 
weaker than that from high energy experiments in the presence of the new charged particles. 
In other models of the BAU, the constraint on the model parameters becomes weaker because 
of the largeness of the heavier sterile neutrino masses. 
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3 Summary 



We have investigated the magnetic dipole moments in the keV sterile neutrino DM model. 
In this DM model, the lightest sterile neutrino with the keV scale mass is a decaying DM 
candidate with its lifetime greater than the age of the Universe. Since the width of the ra- 
diative DM decay into a photon and an active neutrino is constrained by X-ray observations, 
we have obtained a model-independent constraint on the magnetic interactions, leading to 
< 3.89 x 10~ 16 fi B for M\ = 5 keV, which is stronger than the bound from the consid- 
eration of the plasmon decay in the red giants. We have also studied the magnetic dipole 
moment in a model-dependent way. Explicitly, the same condition from the X-ray observa- 
tions gives a constraint of Me > 24.3 MeV in the model of baryogenesis from the heavier 
right-handed neutrino oscillation. 
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